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A B S T R A C T

Decellularized extracellular matrix (dECM) from tissues has significant therapeutic potential but is limited by its 
rigid molecular composition and reliance on post-decellularization modifications to tailor its functionality. Harsh 
decellularization processes often result in substantial glycosaminoglycan (GAG) loss, impairing natural growth 
factor incorporation and necessitating chemical modifications that complicate processing and limit clinical 
translation. To address these challenges, we developed mesenchymal stem cell (MSC) spheroid-derived three- 
dimensional (3D) dECM using gentle decellularization techniques. This study demonstrated a crucial advance
ment—the retention of endogenous GAGs—enabling direct growth factor incorporation without chemical agents. 
As a proof-of-concept, brain-derived neurotrophic factor (BDNF) was incorporated into the 3D dECM to enhance 
its therapeutic potential for brain repair. In vitro, BDNF-loaded 3D dECM enabled sustained growth factor release, 
significantly enhancing the proneuritogenic, neuroprotective, and proangiogenic effects. In a mouse model of 
traumatic brain injury, the implantation of BDNF-loaded 3D dECM significantly enhanced motor function and 
facilitated brain repair. These findings highlight the adaptability of MSC spheroid-derived 3D dECM for tissue- 
specific customization through straightforward and translatable growth factor incorporation, demonstrating its 
potential as a pro-regenerative biomaterial for advancing regenerative medicine applications.

1. Introduction

Traumatic brain injury (TBI) is a globally prevalent neurological 
disorder and a major public health concern because of its association 
with profound disabilities and significant socioeconomic burden [1]. 
Caused by external forces, TBI triggers a cascade of pathological events 
that lead to post-injury secondary damage, including vascular disrup
tion, excitotoxicity, and neuronal cell death [2]. Clinically, effective 
strategies to mitigate secondary injury and restore damaged neuronal 
tissues remain limited because the brain has an inherently low regen
erative capacity.

Recently, biomaterial-based therapies have demonstrated promise in 
reducing secondary cell loss and supporting host neuronal ingrowth, 
thereby facilitating tissue regeneration [3]. Among these, tissue-derived 

decellularized extracellular matrix (dECM)—produced by removing 
cellular and genetic components from native tissues—has demonstrated 
significant therapeutic potential [4]. By retaining essential ECM com
ponents and soluble proteins, tissue-derived dECM mimics native ECM, 
offering biological cues that enhance brain repair more effectively than 
that of conventional synthetic biomaterials [5–7].

Despite its promising therapeutic potential, tissue-derived dECM is 
limited by its xenogeneic origin and fixed molecular composition, which 
are inherently dictated by the protein and molecular profile of the source 
tissue before decellularization [8,9]. These inherent limitations restrict 
the adaptability and customization of tissue-derived dECM, necessi
tating post-decellularization modifications to optimize bioactivity for 
therapeutic applications. A common approach is the incorporation of 
growth factors to enhance the biological functionality of dECM [4]. In 
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native ECM, glycosaminoglycans (GAGs) are crucial for sequestering, 
protecting, and regulating the release of growth factors that are essential 
for tissue repair. However, the decellularization process often requires 
prolonged exposure to harsh detergents, such as sodium dodecyl sulfate 
(SDS), that can significantly deplete endogenous GAGs and compromise 
their ability to retain and deliver growth factors effectively [4,10–15]. 
Therefore, residual GAG levels are often insufficient, necessitating 
further interventions such as supplementation or covalent modification 
with exogenous GAGs, like heparin, to restore growth factor binding and 
release capacities [6,16–26]. For example, brain tissue-derived dECM 
prepared using a 0.3 % SDS solution over 48 h required heparin modi
fication for the loading and sustained release of nerve growth factors 
[6]. Although these approaches are effective, they introduce chemical 
agents, increasing processing complexity and limiting the translational 
feasibility of tissue-derived dECM-based therapies [15].

To overcome these limitations while leveraging the benefits of tissue- 
derived dECM, we recently developed an innovative strategy using cell 
spheroids as the source for dECM production [27]. By assembling 
human-derived cells into three-dimensional (3D) spheroids followed by 
gentle decellularization, the resulting cell-derived 3D dECM preserves 
structural and bioactive properties similar to those of tissue-derived 
dECM [27,28]. Additionally, this approach offers an allogenic source, 
eliminating xenogeneic safety concerns and enhancing the translational 
potential [27,28]. Moreover, the molecular composition of cell-derived 
3D dECM can be customized during cell culture, offering greater flexi
bility for diverse therapeutic applications. When implanted into a mouse 
TBI model, human mesenchymal stem cell (MSC) spheroid-derived 3D 
dECM, containing a wealth of MSC secretome, demonstrated significant 
in vitro and in vivo pro-regenerative potential by modulating multiple 
cellular behaviors [28].

Although the MSC secretome retained in 3D dECM supports repair 
across multiple tissue types, the therapeutic potential of 3D dECM can be 
further enhanced by incorporating specific growth factors that are 
naturally present in low amounts. Unlike tissues, cell spheroids, which 
are only a few hundred micrometers in size, enable efficient decellula
rization using mild surfactants, such as Triton X-100 (TX-100). This 
approach enables gentle and rapid decellularization, thereby preserving 
crucial ECM components and endogenous factors, including significant 
GAG levels [27], which are essential for growth factor binding and 
release. Based on this, we hypothesized that MSC spheroid-derived 3D 
dECM can effectively incorporate growth factors using its endogenous 
GAG content without requiring chemical modifications.

As a proof-of-concept, this study incorporated brain-derived neuro
trophic factor (BDNF)—a neurotrophic factor crucial for nerve repair 
but limited by its short half-life—into MSC spheroid-derived 3D dECM to 
enhance its therapeutic efficacy for brain repair. Our in vitro results 
demonstrated that BDNF can be effectively loaded into the 3D dECM and 
released continuously over two weeks, resulting in significant thera
peutic effects, including the suppression of glutamate-induced neuronal 
cell death, promotion of neurite outgrowth, and stimulation of angio
genesis. In a TBI mouse model, BDNF-loaded 3D dECM-treated animals 
exhibited significantly enhanced functional outcomes compared with 
those receiving unmodified 3D dECM. Notably, BDNF loading was 
achieved without chemical crosslinkers or exogenous agents, high
lighting the translational potential of this approach for safe and effective 
brain repair. Additionally, these findings demonstrate the potential of 
MSC spheroid-derived 3D dECM as a customizable therapeutic platform 
for addressing specific repair needs through the targeted delivery of 
growth factors.

2. Results

2.1. MSC spheroid-derived 3D dECM sequesters BDNF and releases it in a 
sustained manner

To prepare the 3D dECM, MSCs were assembled into spheroids and 

subsequently decellularized using a surfactant-based approach with 0.5 
% TX-100, as described in our previous studies [27,28]. To demonstrate 
the advantage of using a mild detergent for cell-derived dECM, a control 
group was prepared using MSC spheroids decellularized with 0.3 % SDS, 
a strong detergent commonly used in the preparation of brain 
tissue-derived dECM [6,29–33]. As illustrated in Fig. 1a, the resulting 
3D dECM prepared from both TX-100 and SDS maintained a spherical 
morphology, with an average diameter of 542.6 ± 41.5 and 529.4 ±
46.7 μm, respectively, closely resembling the diameter of 
pre-decellularization MSC spheroids (566.1 ± 32.4 μm).

Successful decellularization was confirmed by a marked reduction in 
the DNA content, with samples prepared using TX-100 or SDS contain
ing 38.8 ± 8.1 ng and 9.2 ± 1.1 ng of DNA per 3D dECM, respectively, 
compared to 1749.9 ± 393.1 ng per MSC spheroid prior to decellulari
zation (Fig. 1b). These values corresponded to DNA removal efficiencies 
of 95.9 ± 2.1 % and 99.5 ± 0.2 %, respectively. Hematoxylin and eosin 
(H&E) staining of cryosectioned samples further confirmed successful 
decellularization, as no hematoxylin-stained nuclei were observed in 
either group (Fig. 1c). Both treatments also resulted in a more porous 
internal architecture, as revealed by H&E staining (Fig. 1c) and scanning 
electron microscopy (SEM; Fig. 1d). Despite these structural changes, 
the internal morphology of 3D dECM remained comparable between the 
TX-100 and SDS groups.

Given our hypothesis that 3D dECM can directly sequester growth 
factors through its inherent GAGs, similar to native ECM, we initially 
assessed the retention of the GAG content following decellularization. 
The Blyscan sulfated GAG assay revealed that each MSC spheroid before 
decellularization contained 405.1 ± 24.3 pg of GAGs. Following decel
lularization, GAG content reduced significantly to 187.5 ± 17.1 pg (a 
53.7 % reduction) and 65.9 ± 26.5 pg (an 83.7 % reduction) for 3D 
dECM prepared using TX-100 and SDS, respectively (Fig. 1e). Notably, 
the use of TX-100 resulted in a 2.9-fold increase in GAG retention 
compared to that with SDS (p < 0.005; Fig. 1e). These findings 
demonstrated that using a mild detergent (TX-100) in the decellulari
zation procedure for cell spheroid-derived dECM effectively preserves 
GAGs compared to that using a harsher surfactant (SDS) in tissue- 
derived dECM preparation, thereby enhancing the capacity of the 
resulting dECM to sequester and retain growth factors.

Subsequently, we assessed the ability of 3D dECM to load BDNF and 
compared the BDNF loading capacity of 3D dECM prepared using TX- 
100 to that prepared using SDS, considering the differences in their 
GAG content. In this study, the 3D dECM was incubated in phosphate- 
buffered saline (PBS) containing 100 ng/mL BDNF for 5 h. Following 
incubation, the BDNF-treated 3D dECM was washed with PBS, lysed, 
and analyzed using enzyme-linked immunosorbent assay (ELISA) to 
quantify BDNF levels. Intact MSC spheroids and untreated 3D dECM 
served as the controls.

As illustrated in Fig. 1f, intact MSC spheroids contained a limited 
amount of BDNF (3.1 ± 0.2 pg/spheroid), likely produced endogenously 
during culture. After decellularization, BDNF content reduced signifi
cantly to 1.4 ± 0.2 pg (a 55.5 % reduction) and 1.1 ± 0.5 pg (a 63.6 % 
reduction) for 3D dECM prepared using TX-100 and SDS, respectively 
(Fig. 1f). This indicated the loss of BDNF and other MSC secretome 
components during decellularization. Notably, after BDNF treatment, 
the BDNF content of 3D dECM increased significantly, reaching 830.2 ±
100.3 and 249.3 ± 63.4 pg per 3D dECM prepared using TX-100 and 
SDS, respectively (Fig. 1f). Importantly, the use of TX-100 resulted in a 
3.3-fold increase in BDNF incorporation into the 3D dECM compared to 
that with SDS (p < 0.001; Fig. 1f).

Immunoblot results further confirmed the successful loading of 
BDNF into the 3D dECM, with BDNF content increasing proportionally 
to the concentration of the BDNF solution (Fig. 1g). At a BDNF con
centration of 100 ng/mL that is commonly used for biomaterial modi
fication in various studies [34–37], the loading efficiency determined 
using ELISA was 71.2 ± 8.7 % (n = 5 batches). These results confirmed 
that 3D dECM is an effective platform for loading exogenous growth 
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factors. Additionally, these findings demonstrated that 3D dECM pre
pared using a mild detergent (TX-100) has a superior ability to sequester 
and retain growth factors compared to that prepared using a more 
aggressive surfactant (SDS) typically used for tissue-derived dECM. 
Although not the primary objective of the current study, a trend 
emerged suggesting that larger 3D dECM prepared from MSC spheroids 
formed using higher cell numbers (Figs. S1a and S1b) may exhibit 
enhanced BDNF retention (Fig. S1c), likely due to an increased struc
tural volume and GAG content. Further investigation is warranted to 
clarify this relationship.

Following the confirmation of successful BDNF loading, we assessed 
its release kinetics by incubating the BDNF-loaded 3D dECM in plain 
PBS, with periodic collection and analysis of PBS samples using ELISA. 
As illustrated in the BDNF release profile in Fig. 1h, an initial burst 
release of BDNF (38.1 ± 8.6 %) was observed on day 1, followed by a 
gradual release over time. By day 14, approximately 83.7 ± 14.9 % of 
the loaded BDNF was released, demonstrating the potential of 3D dECM 
to deliver BDNF in a sustained manner. These findings demonstrated 
that by leveraging the native potential of ECM, MSC spheroid-derived 
3D dECM can effectively load BDNF without additional chemical 
modification, achieving efficient loading and sustained release, making 
it a promising carrier system for BDNF delivery in therapeutic 
applications.

2.2. BDNF loading enhances the proneuritogenic property of 3D dECM

After confirming the potential of 3D dECM for BDNF incorporation 
and delivery, we next investigated whether BDNF loading can further 
enhance its therapeutic effects. We initially assessed the ability of 3D 
dECM to support neurite extension, a crucial process for rewiring cir
cuits in injured brain tissues. SH-SY5Y neuroblasts were grown on plates 

and treated with 3D dECM (with or without BDNF loading), whereas 
untreated SH-SY5Y cells and those treated with free BDNF served as 
controls.

Representative fluorescence images detecting class III β-tubulin 
(Tuj1) (Fig. 2a) and corresponding analyses of average (Fig. 2b) and 
longest neurite lengths (Fig. 2c) demonstrated that plain 3D dECM- 
treated neuroblasts exhibited enhanced neurite outgrowth compared 
to that of untreated controls (78.8 μm vs. 59.1 μm for average neurite 
length, p < 0.05; 176.9 μm vs. 112.2 μm for longest neurite, p < 0.01), 
likely because of the MSC secretome released from 3D dECM. This effect 
was further enhanced by BDNF loading, with a 1.5- and 1.8-fold increase 
in the average (p < 0.001) and longest neurite lengths (p < 0.001), 
respectively, highlighting the significant enhancement of the proneur
itogenic property of 3D dECM by exogenous BDNF. Additionally, BDNF- 
loaded 3D dECM demonstrated superior potential in facilitating neurite 
extension compared to that of treatment with free BDNF, as evidenced 
by the increased longest neurite length (316.8 μm vs. 233.5 μm, p <
0.001), likely because of the synergistic effects of exogenously loaded 
BDNF and endogenously derived MSC secretome.

In addition to acting as a depot for releasing the inherentMSC 
secretome and loaded BDNF, the 3D dECM, composed entirely of ECM 
deposited by MSCs, can also function as a scaffold to support tissue 
regeneration. To evaluate the effect of BDNF loading on scaffold po
tential, we cultured SH-SY5Y neuroblasts on the surface of 3D dECM, 
with and without BDNF loading. Fluorescence images of Tuj1 (Fig. 2d) 
revealed neurite networks on the plain 3D dECM, demonstrating its 
potential as a scaffold for neuronal cells. In the BDNF-loaded 3D dECM 
group, more extensive neurite networks developed (Fig. 2d), high
lighting the beneficial effects of BDNF loading. These results demon
strated that BDNF loading significantly enhances the proneuritogenic 
properties of MSC spheroid-derived 3D dECM, providing both physical 

Fig. 1. MSC spheroid-derived 3D dECM retains GAGs and can sequester and release BDNF in a sustained manner. (a) Representative photomicrographs of MSC 
spheroids and the derived 3D dECM prepared using TX-100 or SDS. Scale bar, 200 μm. (b) DNA content quantified using the PicoGreen assay (n = 4 batches). (c) 
Representative H&E and (d) SEM images of cryosectioned 3D dECM showing the internal architecture. Scale bar, 200 μm (20 μm for zoomed panel) in (c) and 10 μm 
in (d). (e) GAG content and (f) BDNF levels in 3D dECM are quantified using the Blyscan GAG assay (n = 4 batches) and ELISA (n = 3 batches), respectively. (g) A 
representative immunoblot image demonstrating that the level of BDNF incorporation into 3D dECM is proportional to the concentration of BDNF in the loading 
solution. (h) BDNF-loaded 3D dECM released BDNF in a sustained manner (n = 5 batches). Data are represented as the mean ± standard deviation. Statistical analysis 
is performed using analysis of variance followed by Tukey’s test. ***p < 0.005; ****p < 0.001; ns, not significant.
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Fig. 2. BDNF loading enhances the proneuritogenic property of 3D dECM. (a) Representative Tuj1 immunofluorescence images illustrating neurite extension from 
neuroblasts under various treatments, along with (b) average and (c) longest neurite lengths (n = 8). Scale bar, 50 μm. (d) Maximum-intensity projected confocal 
images demonstrating neurites from SH-SY5Y neuroblasts cultured on 3D dECM with or without BDNF incorporation. Scale bar, 100 μm (30 μm for zoomed panel). 
Data are represented as the mean ± standard deviation. Statistical analysis is performed using analysis of variance followed by Tukey’s test. *p < 0.05; **p < 0.01; 
***p < 0.005; ****p < 0.001; ns, not significant.

Fig. 3. BDNF loading enhances the neuroprotective potential of 3D dECM. (a) Representative photomicrographs of differentiated neuroblasts cultured in the 
glutamate-supplemented medium under various treatments, with (b) corresponding cell viability assessed using the CCK-8 assay (n = 6). Scale bar, 200 μm. (c) 
Representative immunofluorescence images of Tuj1 showing neurite outgrowth from SH-SY5Y neuroblasts cultured in the glutamate-supplemented medium under 
various treatments, with (d) corresponding measurements of average neurite length (n = 4). Scale bar, 50 μm. Data are presented as the mean ± standard deviation. 
Statistical analysis is performed using analysis of variance followed by Tukey’s test. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; ns, not significant.
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support and biochemical cues to facilitate neurite outgrowth—making it 
a promising platform for fostering the regeneration of injured brain 
tissue.

2.3. BDNF loading enhances the neuroprotective and proangiogenic 
potential of 3D dECM

In addition to supporting neurite outgrowth, an essential role of 
implant biomaterials at the TBI site is to mitigate secondary cell loss and 
create a neuroprotective microenvironment to promote subsequent tis
sue repair. Given the well-documented neuroprotective effects of BDNF, 
glutamate was used as a model for post-TBI neurotoxicity to determine 
whether BDNF incorporation augments the ability of 3D dECM to 
counteract glutamate-induced neuronal damage—a primary contributor 
to secondary injury following TBI. To this end, SH-SY5Y neuroblasts 
were treated with glutamate alone or in combination with plain 3D 
dECM, free BDNF, or BDNF-loaded 3D dECM.

Phase-contrast images (Fig. 3a) and Cell Counting Kit-8 (CCK-8) 
assay results (Fig. 3b) indicated that glutamate exposure significantly 
reduced cell density and viability (55.3 % of healthy control; p < 0.005). 
Treatment with plain 3D dECM and free BDNF effectively restored cell 
viability, with 1.5- and 1.7-fold increases (p < 0.05 and p < 0.01 vs. 
untreated control, respectively). However, treatment with BDNF-loaded 
3D dECM produced a significant effect, achieving a 2.7-fold increase 
compared to that of the untreated control (p < 0.001 vs. untreated 
control, plain 3D dECM, and free BDNF groups).

Additionally, we observed that neurite morphology—which can be 
compromised by glutamate treatment—was preserved by these treat
ments (Fig. 3c and d). Specifically, treatment with plain 3D dECM and 
free BDNF protected neurites, resulting in 1.3- and 1.9-fold increases in 
average neurite length, respectively. Furthermore, BDNF-loaded 3D 
dECM achieved a 2.1-fold increase in the average neurite length 
compared to that of the untreated control (p < 0.005; p < 0.01 vs. plain 
3D dECM). These findings demonstrated that BDNF loading significantly 
enhances the neuroprotective ability of 3D dECM, effectively increasing 

neuronal cell viability under glutamate-induced stress and preserving 
neurite integrity.

Although the difference in average neurite length between the free 
BDNF and BDNF-loaded 3D dECM groups was not statistically signifi
cant (p > 0.05; Fig. 3d), this is likely attributable to the in vitro experi
mental setup, where free BDNF was directly introduced into the culture 
medium, ensuring immediate availability and maximal bioactivity in a 
confined environment. However, in an in vivo setting, free BDNF is prone 
to rapid diffusion and clearance, potentially leading to reduced 
bioavailability and diminished therapeutic efficacy at the injury site. In 
contrast, 3D dECM may serve as a localized and sustained delivery 
platform, leveraging the intrinsic ECM-binding properties to prolong 
BDNF retention, regulate its release kinetics, and potentially improve 
therapeutic outcomes.

Because ischemia is another crucial factor in post-TBI brain tissue 
injury, we assessed the effect of BDNF loading on the proangiogenic 
potency of the 3D dECM. To evaluate this, human umbilical vein 
endothelial cells (HUVECs) were cultured on growth factor-reduced 
Matrigel in serum-containing medium without additional growth fac
tor supplementation for the tube formation assay. After the formation of 
initial tubular networks, plain 3D dECM, free BDNF, or BDNF-loaded 3D 
dECM was added to the culture. Phase-contrast images of the tubular 
structures formed by HUVECs (Fig. 4a) and the corresponding quanti
tative analysis of the tubular length (Fig. 4b) demonstrated that all 
groups had similar tubular lengths and morphologies before treatment. 
Over time, the tubular networks regressed rapidly, which was expected 
due to the absence of additional growth factor supplementation in the 
culture medium. However, supplementation with plain 3D dECM and 
free BDNF effectively mitigated tubular disassembly at both 4 and 24 h 
(p < 0.01 and p < 0.05 vs. untreated control, respectively)—indicating 
that both the MSC secretome in 3D dECM and the exogenously loaded 
BDNF exhibit proangiogenic potential. Notably, BDNF-loaded 3D dECM 
demonstrated even greater efficacy in maintaining tubular structures (p 
< 0.01 vs. plain 3D dECM and free BDNF at 4 h; p < 0.01 vs. plain 3D 
dECM and p < 0.05 vs. free BDNF at 24 h), indicating the superior 

Fig. 4. BDNF loading enhances the proangiogenic potential of 3D dECM. (a) Representative photomicrographs of tubular structures formed on Matrigel by HUVECs 
under various treatments, with (b) corresponding tube length measurements at different time points (n = 5). Scale bar, 500 μm. Data are presented as the mean ±
standard deviation. Statistical analysis is performed using analysis of variance followed by Tukey’s test. *p < 0.05; **p < 0.01; ns, not significant.
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potential of BDNF-loaded 3D dECM to facilitate angiogenesis.
Collectively, our in vitro findings demonstrated that BDNF loading 

effectively tailors the therapeutic potential of MSC spheroid-derived 3D 
dECM by facilitating neurite outgrowth, preventing neuronal cell death, 
and inducing angiogenesis. These effects highlight its potential as a 
biomaterial to support brain tissue repair following TBI.

2.4. BDNF loading enhances the efficacy of 3D dECM implantation in 
mitigating brain injury and improving motor function in TBI mice

After confirming that BDNF loading enhanced the therapeutic 
effectiveness of 3D dECM in vitro, we assessed its potential for brain 
repair in vivo using a mouse TBI model generated through controlled 
cortical impact (CCI). The BDNF-loaded 3D dECM was implanted on the 
surface of the cerebral tissue at the site of impact and secured with fibrin 
gel [28]. Control groups received fibrin gel alone (untreated control), 
plain 3D dECM (secured with fibrin gel), or fibrin gel containing free 
BDNF.

Although CCI did not immediately create a significant cavity in the 
mouse brain, gross examination at 14 days post-injury (dpi) revealed an 
apparent lesion in the control group, which received fibrin gel as the sole 
treatment, indicating progressive secondary injury and tissue atrophy 
post-TBI. Notably, lesion size was markedly smaller in mice receiving 
plain 3D dECM or BDNF-loaded 3D dECM compared to untreated con
trols (Fig. 5a). These findings were corroborated by cresyl violet-stained 
images (Fig. 5b) and the corresponding quantitative analysis of brain 
lesion volume (Fig. 5c). Although free BDNF treatment did not signifi
cantly reduce lesion volume compared to the untreated control (23.3 ±
5.2 % vs. 27.1 ± 3.9 %, p > 0.05), a significant reduction in lesion 
volume was observed in mice treated with 3D dECM (19.1 ± 3.6 %, p <
0.05) and BDNF-loaded 3D dECM (15.3 ± 3.0 %, p < 0.01). However, 
BDNF loading did not further enhance the ability of 3D dECM to mitigate 
the progression of post-TBI brain injury and reduce lesion volume 
compared to that of plain 3D dECM (p > 0.05).

In addition to assessing brain lesion volume, we next evaluated the 
effect of BDNF loading on the therapeutic potential of 3D dECM in 

Fig. 5. BDNF loading enhances the therapeutic efficacy of 3D dECM implantation in alleviating brain damage and improving motor function in TBI mice. (a) 
Representative gross morphology of treated brains and (b) cresyl violet-stained brain sections, with (c) corresponding lesion volume quantification at 14 dpi (n = 6). 
Scale bars, 1 mm *p < 0.05; ***p < 0.005; ns, not significant. Motor function in the TBI model is assessed using (d) mNSS, (e) hindlimb footfault ratio during grid 
walking, and (f) duration before falling from a rotating rod (n = 6). *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 vs. TBI untreated control; †p < 0.05, ††p <
0.01, †††p < 0.005, ††††p < 0.001 vs. free BDNF-treated group; #p < 0.05, ##p < 0.01 vs. plain 3D dECM-treated group. Data are presented as the mean ± standard 
deviation. Statistical analysis is performed using analysis of variance followed by Tukey’s test. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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enhancing post-TBI motor function in mice, using the modified neuro
logical severity score (mNSS; Fig. 5d), grid walking (Fig. 5e), and 
rotarod test (Fig. 5f). After inducing TBI in the sensorimotor cortex, we 
observed significantly impaired motor function, with higher mNSS 
scores and increased hindlimb footfaults at 1 dpi. Over time, untreated 
control animals receiving only fibrin gel showed spontaneous recovery 
of neurological function across all tasks, potentially because of endog
enous reparative mechanisms. Free BDNF treatment provided certain 
early benefits, notably a reduced footfault ratio at 1 dpi (9.9 ± 0.6 % vs. 
11.6 ± 1.0 % in untreated control; p < 0.01)—but overall resulted in 
limited enhancement of motor recovery by 7 dpi. This was evidenced by 
a slight enhancement in mNSS (5.4 ± 0.6 vs. 6.9 ± 1.2 in untreated 
control; p < 0.05) and statistically insignificant alterations in both 
footfault rate during grid walking (6.4 ± 1.2 % vs. 8.7 ± 1.8 %; p > 0.05) 
and latency to fall in the rotarod task (114.3 ± 22.0 s vs. 112.8 ± 27.5 s; 
p > 0.05).

Implantation of plain 3D dECM significantly improved neurological 

function across all tasks at 7 dpi (mNSS: 4.7 ± 0.8, footfault rate: 6.3 ±
1.2 %, and latency to fall: 150.9 ± 13.6 s; p < 0.01, p < 0.05, and p <
0.05 vs. untreated control, respectively), demonstrating the therapeutic 
potential of 3D dECM in vivo. Notably, BDNF loading further enhanced 
these improvements in neurological function at 7 dpi (mNSS: 3.3 ± 0.7 
and footfault rate: 3.9 ± 1.3 %; p < 0.01 and p < 0.05 vs. plain 3D dECM, 
respectively), with treated mice remaining on the rotarod for 174.7 ±
7.2 s, approaching the maximum test duration of 180 s. In summary, 
although MSC spheroid-derived 3D dECM alone provided significant 
benefits in limiting the spread of post-injury brain damage, BDNF 
loading significantly enhanced its therapeutic effectiveness in facili
tating motor function recovery following TBI.

Fig. 6. BDNF loading enhances the ability of 3D dECM implantation to mitigate post-TBI glial scarring, activate neuroblasts, and facilitate angiogenesis in the peri- 
lesion area. (a) Representative immunofluorescence images of GFAP staining showing astrocytes, with (b) corresponding quantification of glial scar thickness at 14 
dpi (n = 6). Dotted lines indicate the scar tissue borders. Scale bar, 300 μm (40 μm for zoomed panel). (c) Representative immunofluorescence images of DCX staining 
showing neuroblasts, with (d) corresponding quantification of neuroblast density at 14 dpi (n = 6). LV: lateral ventricle. Scale bar, 100 μm (40 μm for zoomed panel). 
(e) Representative immunofluorescence images of CD31 staining showing vascular endothelial cells, with (f) corresponding quantification of endothelial cell density 
at 14 dpi (n = 6). Scale bar, 100 μm. Data are presented as the mean ± standard deviation. Statistical analysis is performed using analysis of variance followed by 
Tukey’s test. *p < 0.05; ***p < 0.005; ****p < 0.001; ns, not significant.
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2.5. BDNF loading enhances the ability of 3D dECM implantation to 
alleviate post-TBI glial scarring, activate neuroblasts, and induce 
angiogenesis in the peri-lesion area

Following our investigation into the benefits of BDNF loading on 3D 
dECM in reducing gross brain lesion volume and facilitating motor 
function recovery, we further explored its effects at the tissue level, 
focusing on the biological functions commonly associated with BDNF. 
First, we assessed glial scarring at 14 dpi using fluorescence labeling of 
glial fibrillary acidic protein (GFAP). As illustrated in the representative 
fluorescence images (Fig. 6a) and corresponding quantitative analysis of 
scar thickness (Fig. 6b), free BDNF treatment moderately reduced scar 

thickness (86.4 ± 12.7 μm vs. 111.0 ± 18.1 μm in untreated control; p <
0.05). In contrast, 3D dECM implantation significantly reduced glial 
scarring (70.6 ± 9.2 μm; p < 0.001 vs. untreated control). Additionally, 
animals treated with BDNF-loaded 3D dECM exhibited an even greater 
reduction in glial scar formation (48.2 ± 4.9 μm; p < 0.001 vs. untreated 
control; p < 0.05 vs. plain 3D dECM), indicating a synergistic therapeutic 
effect between the MSC secretome retained within 3D dECM and the 
exogenously loaded BDNF.

Beyond alleviating glial scarring, BDNF is known to promote neu
roblast activation and migration, processes essential for neural regen
eration [38]. To assess this, we performed immunofluorescence staining 
for doublecortin (DCX) to identify the neuroblasts. Analysis of 

Fig. 7. BDNF loading enhances the ability of 3D dECM to preserve vascularized nerve tissue at the cortical lesion site. (a) Representative fluorescence images 
showing Cy3-labeled 3D dECM, with or without BDNF incorporation, and Tuj1-positive neuronal cells at 14 dpi. (b) Representative fluorescence images showing 
CD31-positive vascular endothelial cells and smooth muscle actin (SMA)-positive smooth muscle cells at the implantation site at 14 dpi. Scale bar, 100 μm (40 μm for 
zoomed panel).
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DCX-positive neuroblasts (Fig. 6c) and corresponding quantitative data 
(Fig. 6d) demonstrated that 3D dECM implantation significantly 
increased the density of DCX-positive cells in the subventricular zone 
(SVZ) compared to that of untreated controls (314.2. ± 41.3 cells/mm2 

vs. 155.1 ± 44.6 cells/mm2; p < 0.001). Notably, BDNF loading further 
enhanced this effect, with BDNF-loaded 3D dECM resulting in the 
highest density of DCX-positive cells (403.3 ± 49.6 cells/mm2; p < 0.05 
vs. plain 3D dECM). These results highlight the crucial role of BDNF in 
augmenting the pro-neuroregenerative potential of the 3D dECM.

Another primary mechanism of BDNF-mediated brain repair is its 
ability to stimulate angiogenesis that enhances local blood perfusion and 
supports subsequent repair processes. To assess this, we performed im
munostaining for CD31 to assess vascularization around the lesion site. 
The group that received plain 3D dECM demonstrated a marked rise in 
the density of CD31-positive vascular endothelial cells compared to 
untreated controls (256.3 ± 69.7 cells/mm2 vs. 148.5 ± 25.6 cells/mm2 

in untreated control; p < 0.05; Fig. 6e and f). BDNF loading further 
enhanced this effect, resulting in a significantly higher density of CD31- 
positive cells (413.1 ± 63.9 cells/mm2; p < 0.005 vs. plain 3D dECM). In 
summary, these results demonstrated that BDNF loading significantly 
enhances the therapeutic ability of 3D dECM implantation in TBI mice 
by reducing glial scarring, facilitating neuroblast activation, and stim
ulating angiogenesis—highlighting its potential as an effective bioma
terial for facilitating tissue-level repair following brain injury.

2.6. BDNF loading enhances the ability of 3D dECM to preserve 
vascularized nerve tissue at the cortical lesion site

After examining the area surrounding the lesion site, we next eval
uated the effect of BDNF loading on the efficacy of 3D dECM implan
tation at the cortical lesion directly affected by physical trauma. To 
enable tracking, the 3D dECM was fluorescently labeled with cyanine 3 
(Cy3) before implantation into TBI mice [28]. At 14 dpi, Cy3 signals 
remained detectable in both the groups treated with plain 3D dECM and 
BDNF-loaded 3D dECM (Fig. 7a). The dot-like distribution pattern of the 
Cy3 signal indicated that the implanted 3D dECM, regardless of BDNF 
loading, underwent remodeling and disintegration by the host cells, 
thereby integrating into the local tissue (Fig. 7a).

However, significant differences were observed in the Tuj1-positive 
fluorescence, indicative of the presence of neurons, between the two 
groups (Fig. 7a). In the plain 3D dECM-treated group, Tuj1 signals were 
present in certain areas around the implant, but appeared diffuse, 
indicating an impaired neurite structure. Conversely, the BDNF-loaded 
3D dECM-treated group displayed abundant Tuj1 signals with a 
clearly defined bundled fiber morphology, indicating a preserved neu
rite structure.

In addition to examining neuronal structures, we also assessed 
vascular structures at the implantation site. Immunostaining results 
(Fig. 7b) revealed that, although CD31-positive lumens were present 
around the implanted plain 3D dECM, the majority lacked smooth 
muscle coverage, indicating that these vessels were nascent and imma
ture. Conversely, the BDNF-loaded 3D dECM group showed a higher 
density of CD31-positive lumens, many of which were covered by 
smooth muscles, indicating a more mature and stable vascular pheno
type. In summary, our findings demonstrated that exogenously loaded 
BDNF significantly enhances the therapeutic potential of 3D dECM by 
preserving neuronal morphology and facilitating vascular stability at the 
cortical lesion site following TBI.

3. Discussion

Cell-derived dECM provides an effective option as a pro-regenerative 
biomaterial by replicating the characteristics of natural tissue environ
ments and addressing the challenges inherent to tissue-derived dECM 
[15,39]. In our recent study, we introduced a cell spheroid-derived 3D 
dECM to overcome the structural limitations of conventional monolayer 

culture-derived dECM [27,28]. We demonstrated the significant poten
tial of MSC spheroid-derived 3D dECM in mitigating brain injury, 
attributed to its enriched stem cell matrisome and secretome [28].

Based on these findings, this study further highlights the superior 
versatility of MSC spheroid-derived 3D dECM for post-decellularization 
modifications by incorporating growth factors, thereby enabling 
customized therapeutic potential and functionality for specific applica
tions. As a proof-of-concept, we successfully incorporated the neuro
trophic factor BDNF into MSC spheroid-derived 3D dECM, enhancing 
neuroprotective and proangiogenic properties and resulting in superior 
brain repair efficacy in a mouse TBI model. Notably, using a mild sur
factant during the decellularization process minimized GAG loss 
compared to that of the strong detergents typically used for preparing 
tissue-derived dECM. This preservation enabled BDNF loading to rely 
solely on the intrinsic ability of the native ECM to sequester soluble 
factors, eliminating the need for chemical or physical modifications. 
Therefore, this approach provides a straightforward, efficient, and 
clinically translatable strategy for optimizing the bioactivity of cell 
spheroid-derived 3D dECM.

Conventionally, tissue-derived dECM is prepared using chemical, 
physical, or enzymatic approaches, with chemical methods being the 
most widely employed, specifically those involving detergents [11]. 
Owing to the tissue thickness, ionic detergents, such as SDS, are espe
cially effective, enabling faster and more thorough decellularization 
than that of other chemical treatments. For example, SDS has been used 
for brain tissue decellularization at various concentrations, including 
0.3 % [6,32], 0.5 % [30,31], 1 % [33], and 3 % [29], with treatment 
durations ranging from 24 to 48 h. Although ionic detergents efficiently 
remove cellular components, they damage ECM bioactive factors and 
structural proteins, including GAGs, resulting in a significant reduction 
in the GAG content and associated soluble factors [4,10–15].

In contrast, cell-derived dECM can be prepared using gentler sur
factants, such as the nonionic detergent (TX-100) within a significantly 
shorter time frame (minutes to a few hours). This approach effectively 
preserves GAGs and associated bioactive molecules, as demonstrated by 
our in vitro results. Additionally, the retained GAG content in cell- 
derived dECM enhances its capacity to incorporate exogenous growth 
factors, providing a straightforward and efficient strategy that does not 
require additional chemical modifications. In this study, we assessed the 
effects of surfactant treatment on cell spheroid-derived dECM using 0.5 
% TX-100 and compared it to 0.3 % SDS for 1 h—a duration significantly 
shorter than that typically used for brain tissue decellularization. 
Consequently, the differences in both GAG content and growth factor 
loading capacity between cell-derived and tissue-derived dECM are 
likely to be even more significant in practical scenarios. Although tissues 
can be processed, such as by slicing, to reduce thickness and facilitate 
decellularization with mild surfactants, conventional challenges of 
tissue-derived dECM still persist, including xenogeneic source- 
associated safety concerns and a rigid molecular composition [8,9]. In 
contrast, cell spheroid-derived 3D dECM offers a safer and more stan
dardized alternative, as it can be engineered from human-sourced cells 
under controlled processing conditions. Moreover, its composition can 
be precisely tailored by modulating key parameters such as cell type, 
spheroid size, oxygen concentration, and culture supplementation, 
allowing the fine-tuning of bioactivity for diverse regenerative appli
cations [40–43]. This approach provides a robust and flexible strategy 
for optimizing the properties of cell spheroid-derived 3D dECM, making 
it a more versatile biomaterial for regenerative applications.

The primary advantage of using MSCs to prepare cell spheroid- 
derived 3D dECM over other cell types is their inherent stem cell 
secretome [28], which contains diverse soluble factors that modulate 
the local niche to create a reparative microenvironment conducive to 
tissue repair, even without additional post-decellularization modifica
tions. MSC secretome components retained in 3D dECM, identified as 
having significant potential to counteract the adverse microenviron
ment, are believed to directly contribute to its therapeutic effects. These 
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include neurotrophic factors that promote neuroprotection, 
anti-apoptotic factors, immunomodulatory cytokines, and proangio
genic factors [28], all of which collectively establish a supportive 
microenvironment for host brain tissues. However, although numerous 
components of the stem cell secretome are retained during decellulari
zation [28], their levels are inevitably reduced. For example, our pre
vious study reported an approximately 60 % reduction in vascular 
endothelial growth factor levels [27], and this study revealed an 
approximately 56 % reduction in BDNF levels in MSC spheroid-derived 
3D dECM compared to that in intact MSC spheroids. Additionally, 
although the MSC secretome facilitates tissue repair, its therapeutic 
potential may be inherently limited by the insufficient abundance of 
specific growth factors, even before decellularization.

To address these challenges, post-decellularization incorporation of 
targeted molecules offers a promising strategy to (i) replenish reduced 
levels of specific growth factors and (ii) tailor the functionality of MSC 
spheroid-derived 3D dECM to treat specific diseases or injuries. In this 
study, BDNF was selected as a representative example to demonstrate 
the potential of MSC spheroid-derived 3D dECM as an efficient platform 
for growth factor loading and customization of its therapeutic proper
ties. BDNF, a primary molecule in the development and maintenance of 
the central nervous system, has been extensively studied for its thera
peutic potential in treating TBI [44]. Upon binding to its receptor, 
tropomyosin receptor kinase B, BDNF activates a cascade of signaling 
pathways that regulate the expression of genes crucial for neurogenesis 
and neuronal survival [38]. Beyond these direct neuroprotective effects, 
emerging evidence has revealed its proangiogenic properties, indicating 
that BDNF simultaneously supports vascular growth and neuronal repair 
[45,46]. These diverse roles make BDNF a highly versatile therapeutic 
candidate for TBI treatment [47–49] and an ideal model growth factor 
for exploring the incorporation of exogenous factors to optimize the 
bioactivity and therapeutic potential of MSC spheroid-derived 3D dECM.

As demonstrated in our previous study, 3D dECM retains a wealthy of 
MSC secretome, including various growth factors and cytokines with 
significant bioactivities, effectively facilitating brain repair when 
implanted into TBI mice [28]. In this study, the successful incorporation 
of exogenous BDNF into the 3D dECM enabled its sustained release, 
resulting in enhanced neuroprotective, proneuritogenic, and proangio
genic properties directly attributable to the bioactivity of BDNF. These 
findings highlight the effectiveness of post-decellularization growth 
factor incorporation in replenishing molecules diminished during 
decellularization, thereby enhancing the therapeutic potential of the 3D 
dECM for tissue repair. Additionally, this work serves as a 
proof-of-concept, highlighting the adaptability of MSC spheroid-derived 
3D dECM and demonstrating that its bioactivity can be effectively and 
readily tuned through a straightforward growth factor loading 
approach.

Beyond its role in fostering a pro-regenerative microenvironment, 3D 
dECM may also have potential as a protein-based carrier for growth 
factor delivery, though this is not the primary focus of the present study. 
Conventional protein-based carriers, such as collagen, gelatin, and 
fibrin, typically exhibit limited intrinsic affinity for growth factors and 
often require ECM-inspired modifications—such as GAG incorpo
ration—to enhance binding efficiency [50–52]. While the addition of 
growth factor-binding moieties (e.g., heparin [16,53,54] or chondroitin 
sulfate [55,56]) can improve delivery efficiency, these modifications 
generally require chemical crosslinking or complex fabrication pro
cesses [50–52]. In contrast, the 3D dECM used in this study retains its 
native GAG content and growth factor-binding domains, enabling the 
sequestration and gradual release of bioactive molecules without addi
tional modifications. This inherent capability suggests that 3D dECM 
could serve as a streamlined alternative to conventional protein-based 
carriers, particularly for tissue repair applications where its intrinsic 
bioactivity provides additional therapeutic benefits. However, further 
investigation is warranted to optimize parameters such as 3D dECM size 
and growth factor loading concentration in order to tailor its application 

to specific therapeutic scenarios, with the goals of enhancing incorpo
ration efficiency, ensuring sustained release, improving batch-to-batch 
consistency, and ultimately achieving maximal therapeutic efficacy.

The present study highlights a significant advancement in tailoring 
the therapeutic potential and versatility of MSC spheroid-derived 3D 
dECM for tissue repair through post-decellularization incorporation of 
relevant exogenous molecules. However, key limitations must be 
addressed for future clinical translation. First, although we have 
demonstrated the potential of 3D dECM to load and release BDNF, 
further assessment is required to elucidate the detailed composition of 
GAGs that survive the decellularization process, remain in the 3D dECM, 
and contribute to BDNF sequestration. Various GAGs, such as heparin, 
heparan sulfate, dermatan sulfate, keratan sulfate, and chondroitin 
sulfate, may be retained in the 3D dECM, each exhibiting distinct 
charge-mediated interactions and thus binding affinities toward 
different soluble molecules [50,57]. These interactions are crucial in 
regulating the loading capacity, release kinetics, and functional activity 
of incorporated molecules, ultimately influencing not only the thera
peutic potential but also the reproducibility of the prepared 3D dECM. 
Therefore, a comprehensive characterization of GAG composition in 3D 
dECM will offer valuable insights for optimizing its application in 
incorporating other growth factors, cytokines, chemokines, or molecules 
of interest in future studies.

Furthermore, it remains unclear whether the molecules incorporated 
into the 3D dECM and released upon implantation exert their thera
peutic effects in remote tissues by establishing a local concentration 
gradient or through indirect mechanisms. For example, our in vivo ob
servations revealed a higher density of DCX-positive neuroprogenitors in 
the SVZ of TBI mice treated with BDNF-loaded 3D dECM compared to 
that in other groups. However, because the 3D dECM was implanted 
onto the exterior of the damaged cortical tissue, it likely did not directly 
contact cells in the nearby SVZ region. This indicates the possibility that 
the observed benefits may result either from a direct BDNF gradient 
established by the implanted 3D dECM toward the SVZ or from BDNF 
modulating other cell types, which then indirectly recruits or activates 
neuroprogenitors. Moreover, investigating how the incorporated mole
cules are released in vivo and how their release correlates with thera
peutic effects is crucial for understanding their spatiotemporal dynamics 
within the injured brain microenvironment. Such insights may help fine- 
tune the delivery and release strategies of loaded factors, thereby opti
mizing their release kinetics and enhancing the therapeutic potential of 
3D dECM for future regenerative applications.

Additionally, although MSC spheroid-derived 3D dECM has shown 
promising therapeutic potential in both our previous [28] and present 
studies, identifying the key components underlying its effects remains 
essential for clinical translation and optimization. Finally, refining the 
scalability and batch consistency of 3D dECM production [58], along 
with growth factor loading, is necessary for broader clinical application. 
While the spheroid-based approach enables controlled and reproducible 
fabrication [59], optimizing bioprocessing, decellularization, and 
growth factor incorporation parameters is crucial for large-scale pro
duction. Integrating bioreactor systems and automated manufacturing 
technologies may improve scalability and consistency while ensuring 
quality and regulatory compliance [59–61].

4. Conclusion

Based on our previous study, which demonstrated the pro- 
regenerative potential of both matrisome proteins and secretome 
inherent in MSC spheroid-derived 3D dECM, this study highlights the 
feasibility of directly incorporating the desired growth factors, such as 
BDNF, without requiring additional treatments, such as chemical mod
ifications. This straightforward, efficient, and clinically translatable 
approach enables the customization and optimization of the bioactivity 
and therapeutic potential of MSC spheroid-derived 3D dECM, making it 
a versatile platform for growth factor delivery and regenerative 
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medicine applications.

5. Materials and methods

5.1. Cell culture

Umbilical cord blood MSCs were purchased from the Bioresource 
Collection and Research Center, Food Industry Research and Develop
ment Institute, Hsinchu, Taiwan, and cultivated in medium as per the 
supplier’s formulation. Specifically, Minimum Essential Medium α 
(Thermo Fisher Scientific, Waltham, MA, USA) containing 20 % fetal 
bovine serum (FBS; Corning, Corning, NY, USA) and 4 ng/mL basic 
fibroblast growth factor (PeproTech, Rocky Hill, NJ, USA) was used. 
HUVECs, also obtained from the Food Industry Research and Develop
ment Institute, were maintained in complete Endothelial Cell Growth 
Medium-2 (Lonza, Walkersville, MA, USA).

SH-SY5Y neuroblastoma cells were sourced from the American Type 
Culture Collection (Manassas, VA, USA). For SH-SY5Y cell culture, 
Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Scienti
fic), prepared with 10 % FBS, 100 U/mL penicillin, 100 μg/mL strep
tomycin, and 0.25 μg/mL amphotericin B (Corning), was used. 
Differentiation of SH-SY5Y cells was induced by adding 10 μM retinoic 
acid (RA; Sigma-Aldrich, St. Louis, MO, USA) [28,62] to the culture 
medium. The cells were maintained in a humidified incubator at 37 ◦C 
with 5 % CO2.

5.2. Preparation of 3D dECM

To produce 3D dECM, MSC spheroids were generated and decellu
larized [27,28]. For spheroid formation, a 96-well plate was coated with 
50 μL of 12 % (w/v) methylcellulose (Sigma-Aldrich) [27,28,40,41,
62–66] dissolved in PBS. Subsequently, trypsinized MSCs (4 × 104) were 
resuspended in medium containing 25 mg/mL Ficoll 400 (Cytiva, 
Marlborough, MA, USA) [27,28] and seeded into the wells. After 48 h, 
MSC spheroids were harvested and incubated for 1 h in a decellulari
zation solution containing either 0.5 % TX-100 with 20 mM ammonium 
hydroxide [28] or 0.3 % SDS [6,32] on ice, followed by DNase I treat
ment (1 kU/mL, 37 ◦C, 4 h; Sigma-Aldrich) to ensure the removal of 
residual nucleic acids.

To determine the remaining DNA content, the 3D dECM was lysed 
using RIPA buffer, and the lysates were analyzed using the Quant-iT 
PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. MSC spheroids prior to decellulariza
tion served as the control group. For histological evaluation, samples 
were cryosectioned and stained with H&E. Alternatively, cryosectioned 
samples were fixed with glutaraldehyde, lyophilized, sputter-coated 
with platinum, and examined using SEM (JEOL, Tokyo, Japan).

5.3. Quantification of GAG content

To quantify the GAG content in MSC spheroids or the resulting 3D 
dECM, a Blyscan sulfated GAG assay kit (Biocolor, Belfast, UK) was used 
following the manufacturer’s protocol [27]. Radioimmunoprecipitation 
assay (RIPA) buffer (20 mM Tris-HCl, 1 mM ethylene glycol-bis(β-ami
noethyl ether)-N,N,N′,N′-tetraacetic acid, 150 mM NaCl, and 1 % 
TX-100), along with a protease inhibitor cocktail (Roche, Basel, 
Switzerland), was used to lyse MSC spheroids or 3D dECM. After mixing 
the lysates with Blyscan dye reagent, absorbance was measured at 656 
nm using a microplate reader. The GAG concentrations were determined 
by comparing the absorbance values of the samples with a standard 
calibration curve.

5.4. 3D dECM for BDNF loading and release

Sixteen 3D dECM pieces were incubated in 200 μL BDNF solution 
(100 ng/mL; 248-BDB-010, R&D Systems, Minneapolis, MN, USA) 

dissolved in PBS at room temperature with gentle shaking. Unbound 
BDNF was removed through three washes with PBS. To assess BDNF 
levels in test samples, MSC spheroids or 3D dECM were lysed using RIPA 
buffer with a protease inhibitor cocktail, and the BDNF content was 
analyzed using ELISA (DBNT00, R&D Systems) or western blotting. For 
Western blot analysis, the protein lysates were separated on a 15 % SDS- 
polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA, USA) at 80 V. 
Proteins were transferred onto a polyvinylidene difluoride membrane, 
incubated with 5 % skim milk for 1 h, and treated overnight with anti- 
BDNF primary antibody (GTX132621, GeneTex, Hsinchu, Taiwan). 
Protein signals were detected using horseradish peroxidase-conjugated 
secondary antibodies (GeneTex) and Amersham ECL detection reagent 
(Cytiva). To assess BDNF release, 16 pieces of BDNF-loaded 3D dECM 
were placed in 200 μL PBS and incubated at 37 ◦C under gentle agitation. 
At specific time points, the PBS supernatant was collected for ELISA, and 
an equal volume of fresh PBS was replenished to maintain the incubation 
conditions.

5.5. Assessment of the proneuritogenic effects of BDNF-loaded 3D dECM

SH-SY5Y cells were cultured on coverslips in RA-supplemented me
dium for 5 days to induce differentiation. Subsequently, the cells were 
treated for 3 days in RA-free medium with either plain 3D dECM, free 
BDNF (100 ng/mL), or BDNF-loaded 3D dECM. Neurite morphology was 
assessed by immunofluorescence staining with a Tuj1 antibody (10094- 
1-AP, Proteintech, Rosemont, IL, USA). Images were captured with a 
fluorescence microscope (20 × objective lens), selecting five random 
fields per sample. Neurite lengths were measured for ten cells per field, 
and both the neurite lengths were determined using the ImageJ software 
with the NeuronJ plugin [67–69].

Alternatively, trypsinized SH-SY5Y cells (8 × 105) were suspended in 
medium along with 40 pieces of plain 3D dECM or BDNF-loaded 3D 
dECM in tubes and incubated at 37 ◦C to facilitate cell attachment. After 
4 h, the 3D dECM was rinsed thrice with prewarmed PBS to remove 
unattached cells, transferred to an ultra-low attachment plate (Corning), 
and cultured in RA-supplemented medium for 4 days. Neurite 
morphology was analyzed by immunofluorescence staining with a Tuj1 
antibody, and the samples were visualized using a confocal microscope.

5.6. Assessment of the neuroprotective effects of BDNF-loaded 3D dECM

SH-SY5Y cells were cultured in RA-supplemented medium for 5 days 
to facilitate differentiation. The medium was then replaced with fresh 
medium containing 80 mM glutamate and supplemented with plain 3D 
dECM, free BDNF (100 ng/mL), or BDNF-loaded 3D dECM. After 24 h of 
incubation, cell viability was evaluated using the CCK-8 assay (Abbkine, 
Atlanta, GA, USA), and neurite morphology was assessed using Tuj1 
immunostaining.

5.7. Assessment of the proangiogenic effects of BDNF-loaded 3D dECM

HUVECs were plated onto a growth factor-reduced Matrigel-coated 
surface (BD Biosciences, San Jose, CA, USA) in DMEM containing 10 % 
FBS [70]. After 4 h of incubation, plain 3D dECM, free BDNF (100 
ng/mL), or BDNF-loaded 3D dECM was introduced into the culture 
system. The development of tubular networks by HUVECs was moni
tored, and the microscopic images were analyzed using the ImageJ 
software to quantify the tube lengths.

5.8. Implantation of BDNF-loaded 3D dECM into a mouse model of TBI

All animal experiments adhered to the ARRIVE 2.0 guidelines and 
Guidelines for the Care and Use of Laboratory Animals (2018) set by the 
Council of Agriculture, Executive Yuan, Taiwan. The experimental 
protocol was approved by the Institutional Animal Care and Use Com
mittee (IACUC) of National Tsing Hua University, Hsinchu, Taiwan 
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(Approval No. 110013). Male C57BL/6J mice (8 weeks old, BioLASCO, 
Taipei, Taiwan) were housed at the university’s Laboratory Animal 
Center under a 12-h light/dark cycle with unrestricted access to food 
and water.

To establish a mouse TBI model, animals were anesthetized through 
intraperitoneal administration of avertin (200 mg/kg body weight)— 
prepared as a 1.25 % solution of 2,2,2-tribromoethanol in PBS con
taining 2.5 % 2-methyl-2-butanol (Sigma-Aldrich) [28]. Subsequently, a 
3 mm circular section of the skull was carefully removed through cra
niectomy, targeting the left cortical hemisphere at coordinates 1.0 mm 
posterior and 2.0 mm lateral to the bregma. A cortical impactor (Custom 
Design & Fabrication, Sandston, VA, USA) employing a tip measuring 2 
mm in diameter, delivering an impact at a velocity of 5 m/s, depth of 2 
mm, and dwell time of 250 ms [28] to induce severe TBI [28,71,72]. 
Animals that underwent craniectomy without cortical impact served as 
healthy controls. Following cortical impact and hemostasis, the animals 
were divided into treatment groups using a list randomizer. To immo
bilize the treatment materials, 20 μL of fibrin gel formulated with 6.25 
mg/mL fibrinogen and 25 U/mL thrombin (Sigma-Aldrich) was applied 
[28]. The treatment groups consisted of: (1) 20 pieces of plain 3D dECM, 
(2) free BDNF at a final concentration of 100 ng/mL, or (3) 20 pieces of 
BDNF-loaded 3D dECM, with six animals per group. The 3D dECM was 
pre-labeled with Cy3 by incubating it with Cy3 N-hydroxysuccinimide 
ester (Abcam, Cambridge, MA, USA) [28] for tracing. The control group 
received plain fibrin gel alone, without any additional materials. Once 
the fibrin gel solidified, the wound was closed with sutures to ensure 
proper sealing.

The neurological functions of the test mice were evaluated 1 day 
prior to model creation and at 1, 4, and 7 days dpi by assessing their 
mNSS, foot faults during grid walking, and ability to maintain balance 
on a rotating rod, following the protocol described in our recent publi
cation [28].

5.9. Histological analysis

On day 14 post-injury, the animals were euthanized through trans
cardiac perfusion with cold PBS, followed by 4 % paraformaldehyde. 
The brains were dissected, fixed overnight in 4 % paraformaldehyde, 
cryoprotected by immersion in 10 % sucrose for 1 h, and then in 30 % 
sucrose until the tissues settled. FSC 22 Frozen Section Media (Leica 
Biosystems, Wetzlar, Germany) was used to embed the tissues, which 
were then frozen in pre-cooled 2-methylbutane on dry ice. A cryostat 
microtome (Leica Biosystems) was used to prepare thin coronal brain 
sections (10 μm).

Lesion size was assessed by cresyl violet staining of the sections at 
60 ◦C for 10 min. After mounting and scanning, the lesion volume (%) 
was measured using the ImageJ software based on the following for
mula: ([contralateral hemisphere volume ‒ ipsilateral hemisphere vol
ume]/contralateral hemisphere volume) × 100. Additionally, sections 
were immunostained with primary antibodies specific to CD31 (BD 
Biosciences, 550274), DCX (Proteintech, 13925-1-AP), GFAP (Pro
teintech, 16825-1-AP), or Tuj1 (Proteintech, 10094-1-AP) and visual
ized using the corresponding secondary antibodies. The stained sections 
were analyzed by fluorescence or confocal microscopy. To identify glial 
scars, neuroblasts, or blood vessels, five fields, randomly selected 
around the injury region, were captured at 20 × magnification on each 
slide.

5.10. Statistical analysis

GraphPad Prism software (version 10.4.1; San Diego, CA, USA) was 
used for data analysis, and the results are expressed as the mean ±
standard deviation. One-way analysis of variance with Tukey’s post hoc 
test was applied for comparisons involving three or more groups. Sta
tistical significance was set at p < 0.05.
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